Dependency of tensile strength of ductile cast iron on strain rate and temperature Tomohiro Ikeda, Takuo Umetani, Nobuhiro Kai et al. smooth were discussed in terms of the strain ratetemperature parameter R, which is known to be useful for evaluating the combined influence of strain rate and temperature. This study focuses on the notch strengthening threshold R ≧ Rth where  B notch is larger than  B, RT smooth and therefore notched components can be used safely. In other words, if R ≧ Rth,  B, RT smooth can be used to evaluate notched components in mechanical design to prevent the instantaneous fracture. In this study, it was found that the Rth value can be predicted from the static tensile property and Brinell hardness. Since the traditional ductile cast iron considered in this paper has a broad range of mechanical properties, the present approach and discussion can be applied to evaluate other materials under various temperature and strain rate.
Introduction
Mechanical properties of traditional ductile cast iron can be changed widely to meet the demanding requirements [1] . The higher grade of strength can be attained with increasing the pearlitic matrix. For example, the pearlite content 45 ~ 55% has the tensile strength = 500 MPa but the pearlite content 80 ~ 90% in ductile cast iron reaches tensile strength ranging over 700 MPa. The size and weight can be reduced in structures by using the high strength grade material. Meanwhile, Charpy impact absorbed energy decreases. As an example, figure 1 shows that Charpy absorbed energy decreases drastically by changing the material from JIS-FCD500 to JIS-FCD700 [2, 3] . This is the main reason why industrial application is still limited for the high strength grade ductile cast iron at the room temperature or lower temperature.
However, Charpy absorbed energy cannot be directly used for the mechanical design to prevent the instantaneous fracture. The tensile strength is used as the most basic value. Therefore, a dynamic tensile test is studied for several materials [4] [5] [6] [7] [8] [9] . If the strength of notched specimen is larger than the tensile strength of smooth specimen, the tensile strength of smooth specimen can be safely used to the mechanical design of the real product having notched components under the instantaneous fracture. In this paper, those strengths will be compared in terms of the strain rate-temperature parameter R [7] [8] [9] [10] [11] [12] [13] [14] . By using this R parameter, a notch strengthening threshold value of R ≧ Rth will be focused when the strength of notched specimen becomes larger than the tensile strength of smooth specimen. Then, it will be shown that the Rth value can be predicted by the tensile strength and Brinell hardness for all types of traditional ductile cast iron. Figure 2 shows the smooth specimens and the notched round bar specimens used in the present high speed tensile test [11] . The tensile strength of smooth specimen  B smooth and strength of notched specimen  B notch are defined in equation (1) [9] .
Conditions where notch strength can be larger than smooth tensile strength
Here, Pmax is maximum load (N), d is diameter of specimen. Strain rate-temperature parameter R is defined in equation (2) [7] [8] [9] [10] [11] [12] [13] [14] .
Here, T is temperature (K), A is 10 8 s -1 [10] , ̇ is strain rate (s -1 ). The strain rate for the smooth specimen is defined ̇ smooth . The strain rate for the notched specimen is defined ̇ notch . Those strain rates are obtained from the tensile speed v as shown in equation (3) [7] [8] [9] . 
Here, ℓ is gauge length (40 mm). Strain rate concentration factor K t̇ [4] [5] [6] [7] [8] [9] should be used to obtain ̇ notch because it is difficult to measure the strain rate at the notch root. For the specimen of figure 2(b), the value of K t̇ = 9.49 was accurately obtained in the previous study [7] [8] [9] .
In the previous research, R parameter is introduced to evaluate  B notch as a master curve [7] [8] [9] . Figure 3 shows an example of master curve of  B notch as a function of R parameter for high silicon ferritic ductile cast iron [9] . This new material is now expected to be used as structural components [15] [16] [17] [18] . 
Experimental procedure

Preparation of specimens
In this study, we consider traditional ferrite-pearlite ductile cast irons (DCI). The tensile test was conducted according to the JIS-Z2241 standard. In addition, Brinell hardness test was conducted according to the JIS-Z2243. The tensile strength of DCI500 is approximately 500 MPa and DCI700 is approximately 700 MPa. In addition, fully pearlitic ductile cast iron (PDI) is also considered. The tensile strength of PDI is approximately 900 MPa. The pearlite ratio of DCI500 is 52.2% and DCI700 has pearlite ratio of 83.6%. PDI has fully pearlitic matrix. PDI is obtained by heat treatment indicated figure 4. The test specimen for the dynamic tensile test is taken from JIS TypeⅡY-shaped blocks (JIS-G 5502). Figure 2 shows the configuration of dynamic tensile test specimens [9] . The tests are conducted at strain rate of 2.1 × 10 -4 ~ 1.8 × 10 1 s -1 , and at temperature of -180 ~ 22°C. The experimental data of
High speed tensile test
notch is plotted by using the R parameter (equation (2)). Figure 5 shows influence of pearlite area fraction on the static tensile property for smooth tensile test specimen (JIS No. 4). The static tensile strength B and the 0.2% proof stress increase by increasing the pearlite area fraction. The Brinell hardness also increases by increasing the pearlite area fraction. The elongation decreases by increasing the pearlite area fraction. These results are in agreement with the other researcher's studies [2, 14] . 
Results and discussion
Relationship between tensile properties and pearlite area fraction
Relationship between notch strengthening threshold Rth and static tensile property
In the dynamic tensile tests, DCI500, DCI700 and PDI showed the same tendency of the previous research on high silicon ferritic ductile cast iron in figure 3 [9] . The intersection between  B notch curve and  B, RT smooth line can be regarded as notch strengthening threshold Rth. Figure 6 shows the relationships between the Rth value and the static tensile properties for the ferrite-pearlite ductile cast iron. There is a good correlation between the Rth value and the static tensile properties. The Rth value linearly increases with increasing the tensile strength and the Brinell hardness, and the Rth value linearly decreases with increasing the elongation. Therefore, it is considered that the Rth value is related to the deformation resistance of the materials.
From figure 6 , the Rth value can be predicted from the static tensile property and Brinell hardness in the traditional ductile cast iron. Figure 7 shows the relationship between the Rth value and pearlite area fraction for the traditional ductile cast irons. A good correlation can be seen between the Rth value and pearlite area fraction. As stated earlier, in figure 5, pearlite area fraction was also correlated to the static tensile property. Therefore, a good correlation was recognized for traditional ductile cast iron in figure 6 . In the traditional ductile cast iron, the increasing of the pearlite area fraction means the increasing of the deformation resistance because the pearlitic matrix doesn't have deformability. The higher grade of strength can be attained with increasing the pearlitic matrix. Therefore, it is considered that the dependence of the mechanical property on the Rth value differs depending on the strengthening method in the materials. 
Conclusions
In this study, for the traditional ductile cast iron, the strength of the notched specimen  B notch was evaluated for the various strain rates and temperatures in comparison with the static tensile strength of the smooth specimen at room temperature  B, RT smooth . The results can be applied to the mechanical design of the real product having notched components under the instantaneous fracture. From the results of this study, the conclusions can be summarized as follows.
• The intersection between  B notch curve and  B, RT smooth line can be regarded as notch strengthening threshold Rth. If R ≧ Rth,  B notch can be always larger than  B, RT smooth . Therefore, if the real product having notched components is used under R ≧ Rth,  B, RT smooth can be used in the mechanical design to prevent the instantaneous fracture.
• The notch strengthening threshold Rth can be predicted from static tensile property and Brinell hardness in the traditional ductile cast iron (see figure 6 ).
• Since mechanical properties can be widely changed in the traditional ductile cast iron, the present discussion can be applied to evaluate other materials under various temperature and strain rate.
